ABSTRACT
INTRODUCTION
Acute and chronic exercise alters both the innate and adaptive immune response (38, 39) . Anti-inflammatory effects are observed in individuals who perform low to moderate intensity exercise, as well as endurance exercise with marginal effects on innate immune cell numbers. In contrast, acute high intensity and/or long duration exercise induce profound increases in the number of neutrophils and lymphocytes (13, 38) . The innate immune response is the first line of defense against infectious pathogens, while adaptive immune response corresponds to a pathogen-specific immune response (5) .
In addition to exercise's ability to modulate the systemic immune response in healthy subjects (38, 39) , a growing number of studies have shown that exercise also positively modu-lates the innate and adaptive pulmonary immune response in the context of respiratory diseases, such as asthma (33) (34) (35) (36) (37) , chronic obstructive pulmonary diseases (COPD) (37) , lung fibrosis (26, 27) , as well as acute respiratory distress syndrome (ARDS) (8, 28, 30) . In general, these studies have shown that low and moderate intensity exercise when performed regularly, results in NF-kB deactivation, anti-inflammatory cytokine release, and reduced oxidative stress.
ARDS is characterized by hypoxemic respiratory failure, intense bilateral pulmonary inflammation, accumulation of proteinaceous exudate in the alveoli, and disruption of alveolar membrane barrier; processes which are mediated by proinflammatory cytokines (29) . The mortality rate increases progressively with age, ranging from 24 percent among patients 15 to 19 years of age to 60 percent among patients 85 years of age older (overall 41%) (31) . Survivors need special attention to non-pulmonary comorbidities, such as skeletal muscle wasting and weakness, in which physical and exercise therapy could present beneficial effects, as recently demonstrated in an experimental study (10) . At the time of this submission no correlation studies have been performed linking physical fitness to ARDS outcome.
Given the ability of chronic, moderate AE to suppress systemic and pulmonary inflammation (13) as well as oxidative stress (7), the aim of the present study was to investigate whether chronic, moderate intensity aerobic exercise (AE) prior to injury attenuates extra-pulmonary LPS-induced ARDS.
METHODS

Animals and experimental design
This study was approved by the research ethics committee at the Nove de Julho University (UNINOVE), protocol: AN0035.2013.
Forty male C57Bl/6 mice, 8 weeks of age,weighing between 20 and 25g were maintained in the animal center of the UNINOVE in standard conditions. Mice (n=10/group) were distributed into Control (Control), LPS (LPS), Exercise (Exe) and Exercise+LPS (Exe+LPS).
Treadmill aerobic exercise test and training
Exercise physical test and training was performed as previously described (34) . Briefly, the animals from all groups were adapted to the treadmill training during three days (15 min, 25% grade, 0.3Km/h) before the first physical test. Then, maximum exercise capacity test was performed as follow; 5 minutes warm-up (25% grade, 0.3Km/h) followed by an increase in the treadmill speed (0.1Km/h each 2.5 min) until the animals' exhaustion, until they were not able to run even after 10 mechanical stimuli. Maximal exercise capacity (100%) was set as the maximum speed reached by each mouse. Mice were then trained using moderate intensity exercise (60% of average maximum speed) for 60 min/session, 5 days/week for 4 weeks. The maximum exercise capacity test was repeated for all animals after four weeks (34) .
Extra-pulmonary model of LPS-induced ARDS
Twenty-four hours after the last maximum exercise capacity test, the animals were anesthetized (ketamine 100 mg/kg and xylazine 10 mg/kg) and received intra-peritoneal administration of 100 μg of Escherichia coli LPS (026:B6; L3755, Sigma Aldrich, St. Louis, MO, USA) suspended in phosphate buffered solution (PBS). Control and Exercise groups were submitted to intra-peritoneal injection of PBS. Treadmill training was performed for 4 weeks followed by the final physical test. Then, twenty-four hours after final physical test, animals received LPS administration, as stated above. Then, twenty-four hours later, animals were anesthetized and the following analysis were performed.
Blood collection and processing
One milliliter of blood was collected via cava vein and immediately centrifuged at 950g, 4ºC, during 7 min. The serum was collected and stored at -70ºC for cytokines measurement.
Bronchoalveolar lavage (BAL) fluid
To assess lung inflammation total and differential cells counts of BAL fluid was performed. BAL was obtained through a gentle washing of 3 x 0.5 ml PBS. The volume recovered was centrifuged at 900g, at 4ºC, for 7 min. The supernatant was stored at -70ºC for cytokines analysis and the cell pellet was resuspended in 1mL PBS. The total number of cells was counted using a hemocytometer and the differential cells count was performed through a cytospin preparation, stained with Diff Quick and 300 cells were counted according to the hematological criteria (28, 30) .
Total proteins measurement in BAL
Total proteins in BAL fluid was quantified using the bicinchoninic acid (BCA) method to evaluate lung vascular permeability as previously described (30) .
Cytokines measurements
The levels of IL-1β, IL-6, CXCL1/KC, IL-10, IL-17, TNF-α, GM-CSF, IFN-γ and IGF-1 were evaluated using ELISA kits from R&D Systems (Minneapolis, MN, USA) and BioLegend (San Diego, CA, USA) according to the manufacturer's instructions.
Histomorphometric study
To evaluate the effects of exercise on parenchymal inflammation, a hallmark of ARDS, lungs were collected, fixed in 10% formalin and submitted to histological routine. Briefly, 5µm thickness lung slices were stained with hematoxylin and eosin. 15 random fields of the lung parenchyma of each mouse were photographed. Image Pro Plus 4.0 software was used to measure the air and tissue area of all photomicrographs. Neutrophils were counted according to morphological criteria by an experienced researcher; groups were blinded. The number of neutrophils per square millimeter of lung tissue was presented (30, 35) .
Oxidative stress and superoxide dismutase evaluation
The cranial lobe was washed with PBS and frozen at -70°C for analysis of oxidative stress. Approximately 50mg was used for the evaluation of superoxide dismutase (SOD) and QL (superoxide anion). After homogenization for 30 seconds in 1.15% phenyl methyl sulfonyl fluoride (PMSF) (100mmol/L) and in isopropanol 10uL/mL, the samples were centrifuged for 10min, 4ºC, at 950g and the supernatant was EIR 24 2018 frozen at -80°C. Protein content was measured by the Lowry's' method (21) .
Chemiluminescence (QL):
Lipid peroxidation was assessed by chemiluminescence. The chemiluminescence assay was performed with a liquid scintillation LKB Rack Beta 1215 spectrophotometer (LKB Producer AB, USA) in order to room temperature (25°C to 27°C) to out-of-coincidence. Supernatants were diluted in 140 mM KCl and sodium phosphate buffer 20 mM pH 7.4 and added to glass tubes, which were placed in scintillation vials; 3 mM tert-butyl hydroperoxide was added, and chemiluminescence was determined at the emission maximum (14, 17) . Superoxide Dismutase (SOD): SOD activity was measured by spectrophotometry in lung homogenates by inhibition of pyrogallol autoxidation rate at 420 nm. The enzymatic activity was reported as U/mg protein. The technique used was based on inhibition of superoxide radical reaction with piragalol. Since it is unable to determine the concentration of the enzyme or its activity in terms of substrate consumed per unit time, quantification was expressed in relative units. One unit of SOD is defined as the amount of enzyme that inhibits the reaction by 50% of the oxidation rate detector. The oxidation of pyrogallol leads to the formation of a colored product, which was detected at 420nm for 2min. The SOD activity was determined by measuring the rate of formation of the oxidized pyrogallol. In the reaction medium, 20uL of lung homogenate was used, 973uL TrisPhosphate buffer 50 mmol/L (pH 8.2), 8uL pyrogallol (to 24 mmol/L) and 4uL of CAT (30umol/L). This curve obtained was used as a blank. A standard curve was also performed using three different concentrations of SOD (0,25U, and 0.5U 1U), and values were calculated based on the slope-intercept of the standard curve.
Human Cell Cultures Studies
For all in vitro studies, IL-10 was used in order to mimic the effects observed in the in vivo exercise protocol, which was performed prior to LPS inoculation and resulted in a strong release of anti-inflammatory cytokine IL-10. In summary, we cell cultures (whole blood cells, neutrophils and endothelial cells) were pre-incubated with human recombinant IL-10 (10 ng/mL) for one hour and followed by stimulation with lipopolysaccharide (LPS) (Escherichia coli 026:B6; L3755, Sigma Aldrich, St. Louis, MO, USA; final concentration 10 ng/mL) for 4 hours, at 37ºC, 5% CO2 at humid atmosphere. Therefore, we had four final conditions in our cell culture performed in triplicate: Control (medium stimulated only), IL-10 (stimulated with IL-10), LPS (only LPS-stimulated) and IL-10+LPS (incubated with IL-10 for 1 hour + LPS stimulation and recovery after 4 hours). After 4 hours of LPS stimulation, the cells were centrifuged for 7 minutes, at 4ºC. IL-1β, IL-6, IL-8 and TNF-alpha; indicators of cellular activation were measured in both the serum and supernatant.
Whole blood cell culture Blood samples were drawn from each mouse and were cultured using whole blood culture system as described previously (1). Briefly, venous blood samples were drawn from the antecubital vein in a sitting position and collected into endotoxin-free K3-EDTA tubes (Vacuette, Greiner bio-one-Frickenhausen, Germany). 3 × 4-ml whole blood were stimulated with or without IL-10 and lipopolysaccharide (LPS) in 6 well plate in humid atmosphere as described above.
Human umbilical vein endothelial cells (HUVEC) culture HUVEC (3 x 10 4 cells/300µL medium) were cultivated in vascular cell basal media (ATCC PCS100030) supplemented with endothelial cell growth kit (ATCC PCS100040) components. The stimulation protocol was applied as described above. 
Human neutrophils
Five milliliter of venous blood were collected and the neutrophils were isolated by using the EasySep™ Human Neutrophil Enrichment Kit (Stemcell, Cod 19257, Cambridge, MA, USA), according to the manufacturer's instructions. 5 x 10 4 /mL neutrophils per well per mL were seeded in 24 well plate and stimulated as described above.
Statistical analysis
Graph pad prism 5.0 software was used to perform two-way ANOVA, followed by Student-Newman-Keuls post hoc test. Differences were considered significant for p< 0.05.
RESULTS
Aerobic exercise inhibits pulmonary inflammation
During lung injury, cytokines hone neutrophils to the lung to clear and kill invading pathogens. Neutrophil influx was measured in both the bronchial alveolar lavage fluid (BAL) and lung parenchyma. AE reduced neutrophil influx in the BAL of Exercise+LPS mice ( Figure 1A) . Likewise, the number of neutrophils was reduced in the lung parenchyma (Figure 1B) . Representative photomicrographs of lung parenchyma stained with hematoxylin and eosin (H+E) reveal reduced neutrophil number in the alveolar spaces and in the parenchyma of Exercise+LPS animals ( Figure 1F ) compared to LPS alone ( Figure 1E ). Neutrophil numbers were low in sedentary ( Figure 1C ) and exercised animals ( Figure 1D ).
Aerobic exercise modulates pulmonary cytokine and growth factor release A pro-inflammatory cytokine "storm" is implicated in death due to ARDS. Therefore, pro and anti-inflammatory cytokine levels were assessed in the BALF using ELISA technique. AE reduced BAL levels of inflammatory cytokines including interleukin (IL) IL-1β (Figure 2A ), IL-6 ( Figure 2B) , chemokine (C-X-C motif) ligand 1 (CXCL1)/KC ( Figure 2C ), IL-17 ( Figure 2E ), tumor necrosis factor (TNF)-alpha ( Figure  2F ), Granulocyte-macrophage colony-stimulating factor (GM-CSF) ( Figure 2G ), and IGF-1 (p<0.01) ( Figure 2I ). In contrast, anti-inflammatory cytokine IL-10 was increased in both exercise only and Exe+LPS mice ( Figure 2D ). Interferon-gamma was not significantly regulated in this model (Figure 2H) . The results are expressed as picograms of cytokines per mL of BAL. *** p<0.001; ** p<0.01; * p<0.05. In summary, pro-inflammatory cytokines were reduced in exercised mice and anti-inflammatory cytokine IL-10 was increased. 
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Aerobic exercise modulates systemic cytokine release Serum cytokine levels can also indicate extent of severity of ARDS. Therefore, serum was collected and cytokines were measured by ELISA (Figure 3 ). IL-β ( Figure 3A ), IL-6 (Figure 3B) , CXCL1 ( Figure 3C ), and TNF-alpha ( Figure 3F ) were reduced in Exercise+LPS animals. Anti-inflammatory cytokine IL-10 was increased in serum of exercised animals ( Figure 3D ). IFN-gamma was slightly reduced in Exe+LPS mice versus LPS mice ( Figure 3E ). In summary, exercising before injury resulted in reduced levels of pro-inflammatory cytokines in the serum.
Aerobic exercise inhibits oxidative stress and increases antioxidant enzyme (SOD)
Increased protein levels in BAL fluid indicates alveolar damage and leakage. Animals that performed AE before LPS injury, had less total protein in BAL fluid ( Figure 4A ). The reactive oxygen species, superoxide anion, expressed as anion units per mg of lung protein was also reduced in BAL fluid of Exe+LPS mice (Figure 4B) . Exercise increased the antioxidant superoxide dismutase (SOD) ( Figure 4C ). In summary, AE decreased oxidative stress and alveolar damage.
IL-10 pre-incubation inhibits whole blood cells, endothelial cells and neutrophils activation
To mimic the observed exercisedinduced production of IL-10 postexercise in vivo, human whole blood cells, endothelial cells and neutrophils were incubated with IL-10 prior to LPS administration. Preincubation with IL-10 resulted in reduced production of IL-1β (p<0.001), IL-6 (p<0.001), IL-8 (p<0.001) and TNF-α (p<0.001) by human whole blood cell culture (Figure 5A to D, respectively) . Similarly, pre-incubation with IL-10 also reduced the production of IL-1β (p<0.001), IL-6 (p<0.01), IL-8 (p<0.001) and TNF-α (p<0.001) by human endothelial cells ( Figure 5 E through H, respectively). In addition, pre-incubation with IL-10 also inhibited the production of IL-1β (p<0.001), IL-6 (p<0.01), IL-8 (p<0.001) and TNF-α (p<0.01) by human neutrophils ( Figure 5 I through M, respectively) . Taken together, increased IL-10 significantly inhibited the activation of human structural and inflammatory cells that play a pivotal role in the pathophysiology of ARDS. 
DISCUSSION
This study demonstrated for the first time that chronic, moderate intensity aerobic exercise (AE) may have prophylactic effects against ARDS from extra pulmonary origin, a disease that often occurs unexpectedly and for which there is no cure. While pro-inflammatory cytokines were reduced, as well as oxidative stress levels, anti-inflammatory cytokine IL-10, was increased in LPS+Exe mice compared to LPS (sedentary) animals providing additional evidence that chronic, moderate, AE is an effective, cost-efficient, preventative, medicine against pulmonary disease.
In contrast to sedentary mice receiving LPS, Exe+LPS mice showed decreased neutrophil accumulation both in BAL fluid and in the parenchyma as well as less damage to the alveolar epithelium as measured by protein content in the BAL. Reduced injury in Exe+LPS mice was likely due to the reduction of neutrophils and neutrophil chemoattractants including reduced: IL-1β, IL-6, (CXCL1)/KC, IL-17, TNF-α, GM-CSF, and IGF-1.
While exercise alone does not regulate CXCL1/KC, increased CXCL1/KC in BAL is related to endothelial damage and contributes to leukocyte recruitment (22) . Thus decreased CXCL1/KC in Exe+LPS animals compared to LPS animals was likely due to decreased neutrophil damage in the endothelial compartment. Likewise, increased IGF-1 is associated with ARDS and has been demonstrated to activate fibroblasts (repair) and permit epithelial cell death (32). Like CXCL1/KC, IGF-1 was not regulated by exercise alone, however, levels were reduced in Exe+LPS animals indicating decreased injury compared to LPS animals.
Recent studies have implicated that IL-17 may play an important role in ARDS. In addition to forming a positive feedback loop involving IL-1β and IL-6 (24), IL-17 promotes IL-6, IL-8, TNF-α, IL-1β, G-CSF, and monocyte chemo-attractant protein (MCP)-1 (11, 23) . IL-17 is increased in ARDS patient BAL fluid and has been shown to increase permeability across alveolar epithelial monolayers (19) . Furthermore, IL-17 knockout mice exposed to acute lung injury showed reduced inflammation (20) . While exercise alone did not regulate IL-17, IL-1β, or IL-6, these cytokines were reduced in Exe+LPS groups compared to LPS alone, confirming the old notion that exercise can suppress endotoxin-stimulated inflammatory cytokines in blood culture (40) . However, exercise alone increased IL-10 which has been demonstrated to repress the release of cytokines by macrophages and lymphocytes, including IL-17 (15) . In addition, although it was not evaluated in the present study, exercise-induced IL-10 release have been attributed to increased mobilization of T-regulatory cells (21) and also by IL-10 derived from bronchial epithelial cells (38) . Furthermore, low concentrations of IL-10 are associated with poor prognosis for ARDS. (3, 9) . GM-CSF has been shown to prime the neutrophilic response to LPS by up-regulating toll-like receptors (TLR2 and TLR4), the main receptors for LPS. In addition, the over-production of GM-CSF in ARDS contributes to pulmonary destruction by neutrophils, as GM-CSF is also a neutrophil chemo-attractant. In horses that underwent moderate, chronic AE, TLR expression was reduced in pulmonary alveolar macrophages compared to unconditioned animals (10) . In this model, moderate AE blunted GM-CSF production, which likely repressed LPS-induced TLR expression and contributed to reduced inflammation in the Exe+LPS group. While GM-CSF was not significantly regulated by exercise alone, increases in the anti-inflammatory cytokine IL-10 (observed in both the Exe and Exe+LPS groups) may have had a repressive effect on GM-CSF and other cytokine production.
Recently, SNPs in genes involved in oxidative stress have been identified in ARDS patients and may contribute to patient prognosis (2) . Levels of oxidative stress and anti-oxidant activity were maintained at "reduced" exercise-only levels (compared to uninjured mice) in Exe+LPS mice. Importantly, these results indicated that at least for rodents, chronic, moderate AE significantly represses oxidative stress levels and enhances anti-oxidant activity after 24 hours of basal, sedentary activity. Further studies exploring the length of "sedentary" time for which AE modulates both oxidative stress and cytokine activity would help to further define a general, prophylactic exercise program against a variety of pulmonary diseases.
While chronic, moderate AE in rodents has been repeatedly demonstrated to improve outcomes in a variety of lung disease models, in order to assess the extent by which physical fitness at the time of injury effects ARDS prognosis, longitudinal studies correlating with previous physical fitness, not just body mass index, should be performed.
